Previously, we showed that type I interferon (alpha/beta interferon [IFN-␣/␤]) can inhibit foot-and-mouth disease virus (FMDV) replication in cell culture, and swine inoculated with 10 9 PFU of human adenovirus type 5 expressing porcine IFN-␣ (Ad5-pIFN-␣) were protected when challenged 1 day later. In this study, we found that type II pIFN (pIFN-␥) also has antiviral activity against FMDV in cell culture and that, in combination with pIFN-␣, it has a synergistic antiviral effect. We also observed that while each IFN alone induced a number of IFN-stimulated genes (ISGs), the combination resulted in a synergistic induction of some ISGs. To extend these studies to susceptible animals, we inoculated groups of swine with a control Ad5, 
Foot-and-mouth disease virus (FMDV), a member of the Picornaviridae family, is the most contagious pathogen of cloven-hoofed animals, including swine and bovines, and causes a rapidly spreading, acute infection characterized by fever, lameness, and vesicular lesions on the feet, tongue, snout, and teats (34) . In areas where FMD is enzootic, disease control is achieved by the slaughter of infected animals, movement control of susceptible animals, and vaccination. The current vaccine, an inactivated whole-virus antigen, is not ideally suited to eliminate FMD outbreaks from previously disease-free countries, since vaccinated animals cannot be unequivocally differentiated from infected animals. As a result, FMD-free countries do not import animals or animal products from countries that use this vaccine, and in the event of an outbreak in disease-free countries, the most rapid method of regaining FMDfree status and resuming international trade is to slaughter infected and susceptible animals that have been in contact with infected animals. After the 2001 FMD outbreaks in the United Kingdom and The Netherlands, it became apparent that this practice is opposed by the public. International organizations such as the Office International des Epizooties (OIE) and the world organization for animal health, as well as meat-exporting countries, now support the development and use of marker vaccines and companion diagnostic tests that will allow the differentiation of vaccinated from infected animals in FMD control programs (3, 68) . We have recently developed a novel marker FMD vaccine candidate delivered by a recombinant, replication-defective human adenovirus type 5 vector (Ad5-FMD) that can protect both swine and cattle (50, 54, 59) .
More recently, the above-named organizations have also come to realize that to be successful, FMD control programs should include rapid measures to limit and control disease spread. To meet these needs, they now support the development of antivirals and/or immunomodulatory molecules (3) .
The innate immune system provides the initial response of the host to pathogen invasion (9) . Type I interferons (alpha/ beta interferons [IFN-␣/␤s]) are rapidly induced after virus infection and via a series of events; in paracrine and autocrine processes, they lead to the expression of hundreds of gene products, some of which have antiviral activity (24) . However, like other viruses, FMDV has evolved multiple mechanisms to overcome the IFN-␣/␤ response (7, 21, 23, 26, 31, 42, 76) . Nevertheless, we and others have shown that pretreatment of cells with IFN-␣/␤ can dramatically inhibit FMDV replication (2, 18, 20) , and at least two IFN-␣/␤-stimulated gene products (ISGs), double-stranded-RNA-dependent protein kinase (PKR) and 2Ј,5Јoligoadenylate synthetase (OAS)/RNase L, are involved in this process (18, 23) . Based on these observations, we previously constructed an Ad5 vector containing the porcine IFN-␣ gene (Ad5-pIFN-␣) as a possible method of rapidly inducing protection against FMD. Ad5-pIFN-␣ produces high levels of biologically active IFN in infected-cell supernatants (19) . Swine inoculated with Ad5-pIFN-␣ are protected when challenged with FMDV 1 day later, and protection can last for 3 to 5 days (19, 52) . Protection correlates with an increase in the amount of IFN-␣ protein in serum and the induction of PKR and OAS mRNA in white blood cells (19, 22, 52) . However, since this approach has not been completely effective for cattle (77) , we are attempting to identify new strategies to induce rapid protection.
Type II IFN (IFN-␥) is a multifunctional cytokine produced by T-helper 1 (Th1) and natural killer (NK) cells, and its biological functions include immunoregulatory, anti-neoplastic, and antiviral properties (9) . The antiviral effect of IFN-␥ may be direct (intracellular) or indirect, involving effector cells of the immune system (17) . The antiviral activity of IFN-␥ against several viruses, including herpes simplex virus, hepatitis C virus, West Nile virus, vaccinia virus, vesicular stomatitis virus (VSV), human immunodeficiency virus, and coxsackievirus, another member of the picornavirus family, has been demonstrated (13, 29, 35-37, 39, 41, 43, 69) . Recently, indoleamine 2,3-dioxygenase (INDO) (1, 10, 57) and inducible nitric oxide synthase (iNOS) (67, 78) have been identified as IFN-␥-induced gene products that have intracellular antiviral effects.
Although the signal transduction pathways elicited by each type of IFN differ, the combination of type I and type II IFNs can synergistically induce gene expression (16, 44, 49, 72) . The coactivation of the IFN signaling pathways produce an increased effect in blocking the replication of a number of viruses in vitro and/or in vivo, including coronavirus (63), herpes simplex virus (6, 61, 74) , varicella-zoster virus (25) , cytomegalovirus (CMV) (62), vaccinia virus (46), hepatitis C virus (58) , and mouse hepatitis virus (30) .
To examine the potential antiviral effect of IFN-␥ on FMDV replication and to determine if a combination of IFN-␣ and IFN-␥ can act synergistically to block virus replication, we constructed an Ad5 vector containing the pIFN-␥ gene (Ad5-CI-pIFN-␥). In this paper, we demonstrate the antiviral properties of IFN-␥ and the synergistic effect of a combination of pIFN-␣ and pIFN-␥ on FMDV replication in cell culture. Furthermore, swine inoculated with Ad5-CI-pIFN-␣ and Ad5-CI-pIFN-␥, at doses that alone do not protect against FMDV challenge, are completely protected against clinical disease and do not develop viremia or antibodies against viral nonstructural (NS) proteins. Possible mechanisms of protection induced by this combination treatment are discussed.
MATERIALS AND METHODS

Cells and viruses.
Human 293 cells were used to generate and grow recombinant Ad5s and to determine virus titer (32, 54) . Baby hamster kidney cells (BHK-21, clone 13) were used to measure FMDV titers in plaque assays. IBRS-2 (swine kidney) cells were used to measure antiviral activity in plasma from inoculated animals by a plaque reduction assay (18) . The recombinant viruses Ad5-CI-pIFN-␣, Ad5-CI-pIFN-␤, and Ad5-CI-pIFN-␥ were constructed as described below, while Ad5-VSV glycoprotein (Ad5-VSVG) was described previously (53) . FMDV serotype A24 (strain Cruzeiro, Brazil, 1955, provided by A. Tanuri, University of Rio de Janeiro) was isolated from vesicular lesions of an infected bovine. The 50% pig infectious dose was determined by standard protocols (12) .
Ad5 construction. To optimize the expression of recombinant proteins, we genetically engineered new Ad5 vectors. pAd5-Blue, which contains the CMV promoter/enhancer for the control of foreign gene expression and a functional LacZ gene fragment (53) , was digested with ClaI and XbaI to remove the Amp and LacZ genes, and the Renilla luciferase gene (pRL-TK; Promega, Madison, WI) was inserted, creating pAd5-RL. A unique BstBI site was added directly upstream of the CMV promoter/enhancer of pAd5-RL by site-directed mutagenesis, and this vector was then digested with BstBI/ClaI to remove the CMV promoter/enhancer region. The CMV promoter/enhancer, intron, and T7 promoter region from the vector pCI (Promega) was PCR amplified with primers containing BstBI and ClaI sites at their 5Ј and 3Ј ends, respectively, and inserted into BstBI-and ClaI-digested pAd5-RL to form pAd5-CI-RL. The bovine growth hormone poly(A) signal from pcDNA3 (Invitrogen, Carlsbad, CA) was PCR amplified with a forward primer containing an XbaI site and a reverse primer containing an NheI site and subsequently cloned into the XbaI site of pAd5-CI-RL to form pAd5-CI-RL-BGH. This vector expressed higher levels of luciferase than our original Ad5 vector containing the CMV promoter/enhancer (unpublished data). To construct Ad5-CI vectors containing IFN-␣ and -␤ genes, pAd5-pIFN-␣ and pAd5-pIFN-␤ were digested with ClaI and XbaI and the IFN coding regions were cloned into ClaI-and XbaI-digested pAd5-CI-RL-BGH, resulting in pAd5-CI-pIFN-␣ and pAd5-CI-pIFN-␤, respectively. PacI-linearized plasmids were transfected into 293 cells to generate Ad5-CI-pIFN-␣ and Ad5-CI-pIFN-␤ as previously described (53) .
The pIFN-␥ gene was obtained by PCR amplification of cDNA derived from RNA extracted from concanavalin A-treated porcine lymphocytes by using a forward primer containing a ClaI site (in bold), CTAGCGATCGATGAGTTAT ACAACTTATTTCTTAGCTTTTC, and a reverse primer containing an XbaI site (in bold), TGCAGTCTAGATTATTTTGATCTCTCTGCCCTTGGAAC ATA. The amplified PCR product was sequenced and cloned into pAd5-CI-RL-BGH as described above.
Expression of pIFN-␣, -␤ and -␥ proteins. IBRS-2 cells were infected with Ad5-CI-pIFN-␣ or Ad5-CI-pIFN-␤ at a multiplicity of infection (MOI) of 20, and 24 h postinfection (p.i.), the supernatants were removed, centrifuged through a Centricon 100 filter at 2,000 rpm for 10 min, and acid treated as previously described (77) . A similar procedure was used for pIFN-␥, but the supernatant of infected IBRS-2 cells was not acid treated since IFN-␥ is acid sensitive.
IFN biological assays and plaque reduction assay. IBRS-2 cells were incubated with dilutions of supernatants containing pIFN-␣, pIFN-␤, or pIFN-␥ or combinations of two IFNs. After 24 h, supernatants were removed, and the cells were infected for 1 h with approximately 100 PFU of FMDV serotype A12 and overlaid with gum tragacanth. Plaques were visualized 24 h later by being stained with crystal violet (18, 19) . Antiviral activity was reported as the reciprocal of the highest supernatant dilution that resulted in a 50% reduction in the number of plaques relative to the number of plaques in untreated infected cells.
Serial dilutions of plasma samples, starting at a 1:25, were incubated with IBRS-2 cells for 24 h, and the cells were subsequently infected and treated as described above. To neutralize the antiviral activity, pIFN-␣ monoclonal antibody (MAb) F17 (PBL Biomedical Laboratories, Piscataway, NJ) and pIFN-␥ MAb P2C11 (Pierce Endogen, Rockford, IL) were used.
Virus yield assay. IBRS-2 cells were incubated overnight with dilutions of IFN-containing supernatants. Supernatants were removed and cells washed with minimal essential medium (MEM; Gibco BRL/Invitrogen). Cells were infected at an MOI of 1 with FMDV A12 for 1 h, and unabsorbed virus was inactivated by washing the cells with 150 mM NaCl, 20 mM morpholineethanesulfonic acid (MES) (pH 6). MEM was added, and incubation continued for 24 h. Virus was released by one freeze-thaw cycle. As a control, infected cells were frozen and thawed at 1 h p.i. Virus yields were determined by plaque assay on BHK-21 cells and expressed by subtracting the titers of virus in cells infected for 1 h from the 24-h titers.
Animal experiments. The animal experiment was performed in the secure disease agent isolation facilities at the Plum Island Animal Disease Center according to a protocol approved by the Institutional Animal Care and Use Committee. In this experiment, 18 Yorkshire gilts (approximately 35 to 40 lb) were divided into six groups containing three animals per group and each group was housed in a separate room. All animals were inoculated intramuscularly with 2 ml of the various Ad5s as indicated in Table 5 , and each animal received a total of 10 10 PFU of Ad5. The animals were monitored clinically for adverse effects from Ad5-CI-pIFN-␣ and Ad5-CI-pIFN-␥ administration, including fever and lethargy, and plasma was obtained daily to assay for antiviral activity and the presence of pIFN-␣ and pIFN-␥ by enzyme-linked immunosorbent assay (ELISA) (see below). All animals in the above-described groups were challenged 1 day p.i. with 10 5 PFU of FMDV serotype A24, i.e., 13 50% pig infectious doses, at two sites in the heel bulb of the left rear foot (27, 60) . This route of challenge in swine is one recommended by the OIE (4) and has been used previously by us and many other investigators (14, 15, 19, 45, 66, 75) . The animals were monitored for 3 weeks after challenge. Rectal temperatures, lesion data, and the physical conditions of the animals were determined daily. Blood and nasal swab specimens were collected daily for the first 7 days after challenge, and serum samples were collected weekly. Lesion scores of the animals were determined at 14 days postchallenge (dpc) by determining the number of digits with lesions and adding the snout and tongue combined, if vesicles were present (maximum score, 17).
Serology and virus titration. Serum samples were heated at 56°C for 30 min, and aliquots were stored at Ϫ70°C. Sera were tested for the presence of neutralizing antibodies against FMDV in a plaque reduction neutralization assay (48) . Neutralizing titers were reported as the serum dilution yielding a 70% reduction in the number of plaques.
Heparinized blood was collected on the day of challenge (0 dpc) and daily for the first 7 dpc, and aliquots were frozen at Ϫ70°C. Viremia was determined by a standard plaque assay of BHK-21 cells. Plasma was obtained by centrifugation of heparinized blood at 2,500 rpm for 10 min and examined for antiviral activity and for the level of pIFN-␣ and pIFN-␥ by ELISA as described below. Nasal swab specimens were obtained on the day of challenge and daily for 7 days after challenge. Virus was isolated from the swab samples by duplicate inoculation of monolayers of IBRS-2 cells in 24-well plates. The monolayers were incubated at 37°C with 5% CO 2 and examined at 24, 48, and 72 h for cytopathic effect. Negative samples were frozen and thawed, and a second passage was performed. For positive samples, titration was performed from the original samples by a standard plaque assay of BHK-21 cells.
pIFN-␣ ELISA. A slightly modified double-capture ELISA previously developed in our lab was used for the quantitation of IFN-␣ (77). Nonfat dry milk (5%) in phosphate-buffered saline (PBS) containing 0.05% Tween 20 (PBST) was used instead of 5% goat serum in PBST as the blocking buffer. The pIFN-␣ concentrations were calculated by linear regression analysis of a standard curve generated with recombinant pIFN-␣ (PBL Biomedical Laboratories).
pIFN-␥ ELISA. A standard antigen capture ELISA was performed as previously described (8) . Briefly, anti-pIFN-␥ MAb P2G10 was used as the capture antibody (BD Pharmingen, San Diego, CA). Recombinant pIFN-␥, used as a standard, was purchased from BioSource International (Camarillo, CA). Biotinylated mouse anti-pIFN-␥ MAb P2C11 (BD Pharmingen) was used as the detecting antibody at a final concentration of 1 g/ml. The concentration of pIFN-␥ in the plasma was determined by extrapolation from a standard curve.
RIP of cell lysates infected with [ 35 S]methionine-labeled FMDV A24.
Lysates of radiolabeled-FMDV A24-infected IBRS-2 cells were incubated with serum from a convalescent-phase, FMDV-infected bovine or with individual serum samples from 0-and 21-dpc swine and examined for the presence of antibodies specific to FMDV structural and NS polypeptides by radioimmunoprecipitation (RIP) (50) . After 60 min of incubation at room temperature (RT), antibodies were precipitated with Streptococcus aureus protein G and eluted proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 15% gel and visualized by autoradiography.
3ABC ELISA. Detection of anti-3ABC antibody in swine serum samples was carried out with a commercial ELISA kit (Ceditest FMDV-NS; Cedi Diagnostic B.V., Lelystad, The Netherlands) based on the protocol provided by the manufacturer (70) . Eighty microliters of ELISA buffer was added first to each well of a dried assay plate. Twenty-microliter samples of each testing serum and of the negative-control solution, weakly positive standard solution, and positive standard solution were added to different wells of the plate. After overnight incubation (16 h) at RT, the plate was washed six times with 1ϫ wash solution using a plate washer. Antibody-horseradish peroxidase (HRP) conjugate was added to the plate (100 l/well), and the plate was incubated for 1 h at RT and washed as described above. Next, HRP chromogenic substrate solution was added to the plate (100 l/well) and incubated for 20 min at RT. The reaction was terminated by the addition of stop solution (100 l/well). The optical density (OD) at 450 nm of the reaction product in each well was determined with an ELISA reader (VersaMax; Molecular Devices, Sunnyvale, CA). The antibody level of each sample was expressed as percent inhibition (PI) as follows: 100 Ϫ [100 ϫ (OD sample /OD max )], where OD max is the OD value of the negative-control wells (maximum value). A sample was considered positive for anti-3ABC antibody when its PI was greater than 50% (a cutoff determined by the manufacturer).
3D ELISA. The amount of anti-3D antibody in serum samples was determined by using a liquid-phase-blocking ELISA based on a baculovirus-expressed FMDV 3D protein (51) and biotinylated bovine anti-FMD immunoglobulin G as the detector antibody. The assay is described briefly below, and a detailed protocol and characterization of the assay performance will be reported elsewhere. The assay was carried out at RT, and all washes were done three times with PBST. Twenty-five microliters of test serum was mixed with 100 l PBST containing purified 3D at a predetermined concentration. A 50-l aliquot of this serum-3D mix was added in duplicate to a 96-well plate (Maxisorp; Nunc, Denmark) that had previously been coated with rabbit anti-3D antibody. The plate was incubated for 60 min and washed. Biotinylated bovine anti-FMD immunoglobulin G, at a predetermined concentration, was added to the plate (50 l/well) for 60 min, and the plate was washed. Anti-biotin MAb-HRP conjugate was added (1:5,000 dilution in PBST, 50 l/well; Jackson ImmunoResearch Laboratories, West Grove, PA) for 30 min, and the plate was washed. Finally, a chromogen HRP substrate solution, tetramethyl benzidine (Sigma, St. Louis, MO), was added to the plate (100 l/well), and the reaction was developed for 10 min and terminated by the addition of an equal volume of 1 M H 2 SO 4 . The OD of the chromogenic reaction product at 450 nm was determined with an ELISA reader (VersaMax; Molecular Devices), and the average from duplicate wells with each sample was obtained. The antibody level of each sample was expressed as PI by means of the following formula: 100 Ϫ [100 ϫ (OD sample / OD max )], where OD max is the value for diluent control wells. A sample was considered 3D antibody positive when its PI was greater than 20%.
Analysis of ISGs. Expression of ISGs was analyzed in cultured IBRS-2 cells or purified peripheral blood mononuclear cells (PBMCs) isolated from experimentally vaccinated animals. IBRS-2 cells were directly infected with Ad5-Blue (MOI ϭ 20), Ad5-CI-pIFN-␣ (MOI ϭ 10) and Ad5-Blue (MOI ϭ 10), Ad5-CI-pIFN-␥ (MOI ϭ 10) and Ad5-Blue (MOI ϭ 10), or Ad5-CI-pIFN-␣ (MOI ϭ 10) and Ad5-CI-pIFN-␥ (MOI ϭ 10) for 24 h. Alternatively, monolayers of IBRS-2 cells were incubated for 24 h with pretreated supernatants derived from similar cells infected with the above-mentioned Ad5s and containing 100 units of pIFN-␣, 100 units of pIFN-␥, or 100 units each of pIFN-␣ and pIFN-␥. PBMCs were purified from heparinized blood using Lymphoprep (Axis-Shield, Oslo, Norway). RNA was extracted from approximately 10 7 cells (IBRS-2 cells or PBMCs) by utilizing an RNeasy miniprep kit (QIAGEN, Valencia, CA), and a quantitative real-time reverse transcription-PCR was used to evaluate the mRNA levels of several ISGs. Approximately 1 g of RNA was treated with DNase I (Sigma, St. Louis, MO) and was used to synthesize cDNA with Moloney murine leukemia virus reverse transcriptase (Invitrogen) and random hexamers according to the manufacturer's directions. An aliquot (1/40) of the cDNA was used as the template for a real-time PCR using TaqMan universal PCR master mix (Applied Biosystems, Foster City, CA). Primers and TaqMan minor-groove binding (MGB) were designed with Primer Express software v.1.5 (Applied Biosystems) or obtained from the PIN database (http://ars.usda.gov/Services/docs.htm?docidϭ6065). 18S rRNA or porcine glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal control to normalize the values for each sample. The sequences of primers and probes that were used are listed in Table 3 . Reactions were performed in an ABI Prism 7000 sequence detection system (Applied Biosystems). Relative mRNA levels were determined by comparative cycle threshold analysis (user bulletin 2; Applied Biosystems) utilizing as a reference the samples at 0 dpc for the animal experiment or the mock-treated samples for the cultured IBRS-2 cells. For statistical analysis, Student's t test was performed using Microsoft Excel.
RESULTS
Antiviral effect of pIFN-␥.
We previously constructed an Ad5 vector containing the pIFN-␣ gene under the control of the CMV promoter/enhancer (19) . In the current study, we constructed additional Ad5 vectors containing this gene as well as pIFN-␥ with both genes under the control of a modified CMV promoter (Ad5-CI) (see Materials and Methods). We examined the expression of each cytokine by infection of IBRS-2 cells (Table 1) . Interestingly, we found by real-time reverse transcription-PCR that pIFN-␣ mRNA was expressed at 10-to 12-fold-lower levels than pIFN-␥ mRNA, yet the level of pIFN-␣ protein detected in supernatants was 160-to 440-fold higher than the level of pIFN-␥.
The biological activity of IFN-␥ was determined by a plaque reduction assay in IBRS-2 cells (19) . As shown in Table 1 , IFN-␥ as well as IFN-␣ has antiviral activity against FMDV. We examined the effects of these IFNs as well as pIFN-␤ on the FMDV yield in an overnight infection. Approximately 10 to 100 units of either IFN-␣ or IFN-␤ can reduce the virus yield between 5,000-and 60,000-fold, while an equivalent amount of IFN-␥ reduces the virus yield by 2,000-to 5,000-fold (data not shown). Higher concentrations of IFN-␣ or IFN-␤ had little or no additional effect.
Synergistic effect of type I and type II IFNs. To determine if a combination of IFN-␣ and IFN-␥ had an enhanced antiviral effect compared to that of the individual IFNs, approximately 1 unit of IFN-␣ or IFN-␥ was titrated with various amounts of the other IFNs and analyzed by a plaque reduction assay on IBRS-2 cells. As shown in Table 2 , 1 unit of IFN-␣ alone reduced the number of plaques by ϳ50%, and this antiviral effect was significantly enhanced when combined with amounts of IFN-␥ as low as 0.062 unit. The effect was not as dramatic when the reciprocal experiment was performed. The level of inhibition was not a result of doubling the total amount of IFN, since the addition of either 2 units of IFN-␣ or IFN-␥ individually did not achieve a comparable degree of inhibition (Table  2) . Similar results were obtained when 1 unit of pIFN-␤ was titrated with various amounts of pIFN-␥ (data not shown). The specificity of the IFN effect was demonstrated by the addition of neutralizing MAbs against either pIFN-␣ or pIFN-␥. Each antibody partially abolished the antiviral activity of the IFN combination, while pretreatment with both MAbs completely inhibited the antiviral activity (Fig. 1) .
We also examined the effect of a combination of 1 or 2 units of IFN-␣ and various amounts of IFN-␥ on FMDV yield after a 24-h infection (Fig. 2) induced by each IFN and whose sequences are available (Table  3) . IBRS-2 cells were treated with 100 units of pIFN-␣, pIFN-␥, or a combination of the two, and 24 h later, RNA was extracted and analyzed by real-time reverse transcription-PCR.
As we have previously shown, three genes known to be induced by IFN-␣, the OAS, Mx1, and PKR genes, had enhanced levels of mRNA after the treatment of cells with this cytokine (18, 23) (Table 4 ). There was also a significant induction of INDO, the 10-kDa IFN-␥-inducible protein (IP-10; also referred to as CXCL10 in GenBank), and RANTES (stands for regulated on activation, normal T-cell expressed and secreted). Similarly, treatment with IFN-␥ significantly enhanced the levels of INDO, iNOS, and IP-10, three genes known to be induced by IFN-␥, as well as the levels of IFN-␤, IFN-regulatory factor 1 (IRF1), Mx1, OAS, and RANTES. In the combined treatment, the level of OAS was enhanced by about 40% compared to its levels after the individual treatments, while the level of Mx1 was decreased by about 20%, IRF1 by about 45%, and IFN-␤ by threefold.
In a similar experiment, we infected IBRS-2 cells with Ad5-pIFN-␣, Ad5-pIFN-␥, the combination Ad5-pIFN-␣ and Ad5-pIFN-␥, and a control Ad5. The infection was stopped at 24 or 48 h p.i., RNA was extracted, and real-time reverse transcription-PCR was performed. Table 4 shows that after Ad5 infections, there was an induction of the same genes that responded to the treatment with individual IFN proteins. The combined treatment, however, resulted in a synergistic increase in the expression of two IFN-␥-inducible genes, INDO and IP-10 (by two-to fourfold), and a synergistic increase (twoto threefold) in OAS and Mx1 at 48 h p.i. Similar results were obtained when the two experiments described above were repeated.
Effect of Ad5-CI-pIFN-containing viruses on clinical response against FMDV. As a result of these cell culture experiments, we initiated a study of swine to determine if the combined IFNs could induce a synergistic antiviral and rapid protective response. The dose of Ad5-CI-pIFN-␣ used was 10 8 PFU/animal based on previous animal experiments in which we found that swine inoculated with this dose of a similar vector expressed low levels of IFN-␣ but were not completely protected from direct FMDV challenge, while swine inoculated with 10 9 PFU/animal produced significantly higher levels of biologically active IFN-␣ and were sterilely protected when challenged 1 to 3 days later (19, 34) . Since we found that Ad5-CI-pIFN-␥ expressed significantly lower levels of recombinant protein than Ad5-CI-pIFN-␣ in infected IBRS-2 cells (Table 1 ), in the current study, we used 10 9 and 10 10 PFU of Ad5-CI-pIFN-␥/animal. Utilizing this information, we inoculated groups of swine with presumably nonprotective doses of Ad5-CI-pIFN-␣ or Ad5-CI-pIFN-␥ alone or combinations of the two (Table 5) . Groups of three swine were inoculated intramuscularly with the various Ad5 viruses, and all animals received a combined dose of 10 10 PFU by the addition of the control Ad5-VSVG virus when required. A control group (group 1) received Ad5-VSVG, group 2 received 10 8 PFU of Ad5-pIFN-␣/animal, group 3 received 10 9 PFU of Ad5-CI-pIFN-␥, group 4 received 10 10 PFU of Ad5-CI-pIFN-␥, group 5 received 10 8 PFU of Ad5-pIFN-␣ plus 10 9 PFU of Ad5-CI-pIFN-␥, and group 6 received 10 8 PFU of Ad5-pIFN-␣ plus 10 10 PFU Ad5-CI-pIFN-␥. Animals were challenged 1 day postinoculation.
All animals in the control group developed clinical signs of disease by 2 dpc and had a significant lesion score ( Table 5) . Two of three animals in the groups that received a low dose of pIFN-␣ (group 2) or the lower dose of pIFN-␥ (group 3) had delayed clinical signs. In contrast, the groups given the high dose of pIFN-␥ alone (group 4) or pIFN-␣ combined with high-dose pIFN-␥ (group 6) never developed any clinical disease. Most strikingly, the group given the combination of pIFN-␣ and the lower dose of pIFN-␥ (group 5), which individually only delayed the onset of clinical disease, resulted in the complete inhibition of vesicular lesions.
Serological response to and effect of Ad5-CI-pIFN-containing viruses on protection against FMDV. All animals were assayed for their antiviral response as well as for the presence of pIFN-␣ and pIFN-␥ in their plasma. None of the animals had detectable levels of antiviral activity or IFNs (data not shown).
The control group (group 1) developed viremia at 1 to 2 dpc (Table 5 ). Viremia lasted for 5 to 6 days and reached a peak of greater than 10 6 PFU/ml. All the animals in the groups given only IFN-␣ (group 2) or the lower dose of IFN-␥ (group 3) developed viremia, but viremia was delayed and lasted for a shorter period of time than in control animals and the titer of virus was generally 10-fold lower than that of the control group. The three groups that were protected from clinical disease (groups 4 to 6) never developed viremia. Virus was also detected in the nasal swab specimens of the control group and the groups given only IFN-␣ or the lower dose of IFN-␥, although the latter group had 5-to 10-fold-lower levels of virus than the control animals. No virus was detected in the nasal swab specimens of the protected animals.
All animals in the groups that developed clinical disease had significant levels of FMDV-specific neutralizing antibodies at 21 dpc, while the protected groups had only very low levels of neutralizing antibody (Table 6) .
Antibody response against NS proteins and effect of Ad5-CI-pIFN-containing viruses on protection against FMDV. All animals in the groups that developed clinical disease had antibodies at 21 dpc against viral NS proteins as detected by a AGTGCATCCTCCAAATCGCT  100  M86762  IFN-␤-69R  GCTCATGGAAAGAGCTGTGG  100  IFN-␤-32T  TCCTGATGTGTTTCTC  200   RANTES  RANTES-54F  TGGCAGCAGTCGTCTTTATCA  300  F14636  RANTES-125R  CCCGCACCCATTTCTTCTC  900  RANTES 101T  TGGCACACACCTGGCGGTTCTTTC  200   IFN-␥  IFN-␥ 318F  TGGTAGCTCTGGGAAACTGAATG  300  NM_213948  IFN-␥ 396R  GGCTTTGCGCTGGATCTG  300  IFN-␥ 342T  CTTCGAAAAGCTGATTAAAATTCCGGTAG  ATAATCTGC   200   iNOS  iNOS-58F  CGTTATGCCACCAACAATGG  300  U59390  iNOS-142R  AGACCCGGAAGTCGTGCTT  300  iNOS-81T  ATCAGGTCGGCCATCACCGTG  200   INDO  INDO 144F  CTGGTTTCGCTATTGGTGGAA  300  CJ011949  INDO 235R  GCATCCAGGTCTTCACACTGTATT  300  INDO 178T  CTGCAATCAAGGTGATCCCCACTCTATTCA  150   IRF1  IRF1-55F  AATCCAGCCCTGATACCTTCTCT  900  AJ583706  IRF1-167R  GGCCTGTTCAATGTCCAAGTC  900  IRF1-100T  TGCCTGATGACCACAGCAGCTACACA  150   IP-10  CXCL10-174F  TTGAAATGATTCCTGCAAGTCAA  900  NM_00100861  CXCL10-254R  GACATCTTTTCTCCCCATTCTTTT  900  CXCL10-198T  CTTGCCCACATGTTGAGATCATTGCCAC  200 a F, forward primer; R, reverse primer; T, TaqMan 6-carboxyfluorescein-MGB probe; V, TaqMan VIC-MGB probe.
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number of assays, including ELISAs against 3D and 3ABC, a 3D agar gel immunodiffusion assay, and RIP (Table 6 and Fig.  3 ). In contrast, none of the protected animals showed evidence of induction of antibodies against viral NS proteins by these assays, while by RIP (Fig. 3 ) and the neutralization assay (Table 6) there was evidence of antibodies against the viral structural proteins.
Genes induced in challenged animals.
Because of the large number of samples, we selected only groups 1, 2, 4, and 6 to examine the induction of ISGs. As seen in Table 7 , there was no statistically significant enhancement of any of the ISGs in groups 1 and 2, although there was a low level of induction of iNOS in group 2. The induction of IRF1 in group 2 was due to only one animal, no. 67. In group 4, given the high dose of a IBRS-2 cells were incubated with 100 units of the indicated IFNs for 24 h and total RNA was extracted, or IBRS-2 cells were infected with either Ad5-Blue alone at a total MOI of 20, equal amounts of Ad5-pIFN-␣ and Ad5-Blue at an MOI of 20, equal amounts of Ad5-pIFN-␥ and Ad5-Blue at an MOI of 20, or equal amounts of Ad5-pIFN-␣ and Ad5-pIFN-␥ at an MOI of 20.
b Time posttreatment or time after infection at which total RNA was extracted for analysis. c Induction (n-fold) was calculated as the level of expression of each individual gene with respect to the level of expression in mock-infected IBRS-2 cells. 18s rRNA or GAPDH was used as the internal control. a Dose of inoculum per animal expressed as number of PFU in 2 ml of PBS. b Number of PFU per ml of whole blood. The dpc value is the day after challenge that the maximum level of viremia was detected; the onset value is first day postchallenge that viremia was detected; and the duration value is the number of days of viremia.
c Number of PFU per ml of nasal secretion. The dpc, onset, and duration values are as defined in footnote b. d Number of toes with lesions plus the snout and tongue combined, if lesions were present. The maximum score is 17. The day of onset is the first day after challenge that lesions were detected.
e Ad5 containing the glycoprotein gene of VSV New Jersey. f Ad5 containing the pIFN-␣ gene. g Ad5 containing the pIFN-␥ gene. h Neg., negative (less than 5 PFU/ml).
Ad5-CI-pIFN-␥, there was an induction of INDO and IP-10 mRNA on days 1 and 2 postinoculation, but on day 3, these mRNAs were induced only in the animal that had the highest levels of induction on the other days, animal 71 (data not shown). In group 6, which was given the combination of Ad5-CI-pIFN-␣ and the high dose of Ad5-CI-pIFN-␥, there were statistically significant levels of induction of INDO and IP-10 mRNA compared to levels of induction in groups 1 and 2 (P Ͻ 0.05). There was also a low-level, but consistent, induction of OAS in all three animals in group 6 on days 1 and 3. Furthermore, there was a synergistic increase in the level of induction of INDO and IP-10 mRNAs in this group compared to induction levels in groups 2 and 4. As we have previously observed, the standard deviation for these mRNAs was large because of the variations in the responses in outbred animals (22) ; nevertheless, each animal in group 6 had a significant induction of INDO and IP-10 mRNAs on all 3 days examined (data not shown).
DISCUSSION
We have previously demonstrated that FMDV replication is inhibited by the pretreatment of cells with IFN-␣/␤ and that swine inoculated with Ad5-pIFN-␣ are protected from clinical disease and virus replication when challenged 1 day later (18, 19) . However, we found that this approach is only partially effective for cattle (77) . To improve the ability to rapidly limit and/or block FMDV replication in susceptible animals, we examined the potential of a combination of IFN-␣/␤ and IFN-␥ as a treatment strategy. It has been demonstrated that this combination can synergistically inhibit the replication of a number of viruses in cell culture (6, 25, 58, 62, 63) and can also result in improved responses to virus infection in various animal models (30, 46, 61, 74) . Our data demonstrate that in cell culture, the combination approach synergistically blocked FMDV replication and that treated swine were sterilely protected from virus challenge.
To examine the effect of IFN-␥ on FMDV replication in cell culture, we constructed an Ad5 vector containing the pIFN-␥ gene. We found that supernatants obtained from cells infected with this virus have antiviral activity against FMDV in porcine (Table 2 and Fig. 2B ).
We have previously shown that two IFN-␣-stimulated gene products, PKR and OAS, are involved in the inhibition of FMDV replication (18, 23) . To understand the basis of the IFN-␥-induced inhibition of FMDV replication as well as the mechanism of the synergistic antiviral activities of the combined IFNs, we examined the effect of these treatments in cell culture on known ISGs. Since the swine genome has not yet been completely determined, we selected well-characterized genes that have been shown to be induced by IFN-␣, i.e., Mx1, OAS, PKR, and RANTES, as well as by IFN-␥, i.e., INDO, iNOS, IP-10, and IRF1. In cells treated with IFNs, the mRNAs for the above-named genes were significantly induced, while in cells infected with the combination Ad5s, we also observed a two-to fourfold synergistic induction of expression of INDO and IP-10 as well as an approximately two-to threefold synergistic increase in Mx1 and OAS at 48 h p.i. (Table 4 ). At present, we do not know if INDO and IP-10 or other IFN-␥-stimulated genes are involved in the inhibition of FMDV replication, but experiments are planned to address this question.
To extend these studies to animals, we needed to determine doses of each Ad5 vector that individually would not protect against FMDV challenge but combined would limit or preferably block clinical disease. Based on previous animal experiments, we selected a dose of 10 8 PFU of Ad5-CI-pIFN-␣/ animal (19) , while our selection of a dose of Ad5-CI-pIFN-␥ was the result of the cell culture expression studies (Table 1) .
It has been shown by Muruve and coworkers (55, 56) that the Ad5 particle can rapidly induce an innate immune response which is transient and dose dependent. We have also previously found that swine inoculated with a control Ad5 vector developed an antiviral response and detectable IFN-␣ at 4 h p.i., which peaked at 10 h p.i. and was absent by 24 h (52). Therefore, to compensate for the potential antiviral effect induced by the vector alone, we inoculated all animals with the same dose of Ad5 utilizing a control Ad5 vector, Ad5-VSVG, to adjust the total dose.
Groups administered the control virus (Ad5-VSVG), Ad5-CI-pIFN-␣ alone, or the low dose of Ad5-CI-pIFN-␥ developed clinical disease and viremia, but in all animals in the last two groups, viremia was approximately 10-fold lower than in the control group and lasted for a shorter time, and the onset of clinical disease was generally delayed (Table 5 ). Most significantly, the combination of 10 8 PFU of Ad5-CI-pIFN-␣ and 10 9 PFU of Ad5-CI-pIFN-␥, which individually did not protect, induced complete protection in all animals. Furthermore, the animals in this group did not have detectable viremia or virus in nasal swab specimens and did not develop antibodies against the viral NS proteins, as determined by a number of assays (Table 6 ). These results indicate that all the animals in this group were sterilely protected. Similarly, the groups given the high dose of Ad5-CI-pIFN-␥ or the combination of Ad5-CI-pIFN-␣ and the high dose of Ad5-CI-pIFN-␥ were also sterilely protected. Surprisingly, we were not able to detect antiviral activity or pIFN-␣ or pIFN-␥ protein in the plasma of the animals in any of the protected groups. Previously, we had demonstrated a correlation between the level of antiviral activity, pIFN-␣ protein, and protection when we administered a 10-fold-higher dose of Ad5-pIFN-␣ (19, 33, 52) .
What is the mechanism of protection induced by this treatment regimen? As an initial approach to address this question, we examined gene expression in PBMCs. Unfortunately, limited by the large number of samples, we did not include the group inoculated with the combination of Ad5-CI-pIFN-␣ and the low dose of Ad5-CI-pIFN-␥. Nevertheless, consistent with the results that we obtained by cell culture, we did detect the induction of mRNAs for two IFN-␥-stimulated genes, the INDO and IP-10 genes, in the two protected groups that we examined, i.e., the group given the high dose of Ad5-CIpIFN-␥ alone and the group given the combination of Ad5-CI-pIFN-␣ and the high dose of Ad5-CI-pIFN-␥, but not in the unprotected groups, i.e., the control group and the group given Ad5-CI-pIFN-␣ alone. Furthermore, there was a synergistic increase in the expression of these two genes at 1 to 3 days postadministration in the group given the combination of Ad5-CI-pIFN-␣ and the high dose of Ad5-CI-pIFN-␥. The induction of these genes was statistically significant (P Ͻ 0.05) compared to the levels of expression obtained for the control and Ad5-CI-pIFN-␣ groups. There was also somewhat more than an additive increase in OAS mRNA in this group.
While our limited examination of gene expression cannot definitively explain the mechanism of protection afforded by the combination IFN treatment or the high-dose-IFN-␥ treatment, it does identify some candidate genes or gene classes that may be involved. For example, IP-10 is a chemokine that is involved in the recruitment of T cells (11, 28) and NK cells to sites of infection (5, 40, 47, 71, 73) . NK cells are involved in the rapid, innate response to a variety of pathogens, including viruses. These cells predominate in the peripheral blood and spleen but can be induced to traffic to other compartments during infection (65) . Thus, the induction of IP-10 by IFN-␥ treatment and its synergistic induction by the combined treatment suggest that the presence of this gene product at the time of infection may allow the very rapid recruitment of cells that have an essential role in viral clearance. Additional chemokines are induced by both type I and II IFNs (38, 64) and are also involved in the trafficking of NK cells as well as macrophages to sites of viral infection (64) and possibly in modulating NK cell-mediated cytolytic responses (71) . The possible role that these or other chemokines may play in the IFN-␣/␥-induced protection against FMDV needs to be examined.
The second gene that was synergistically induced by the combination IFN treatment is the INDO gene, which encodes an enzyme involved in the tryptophan degradation pathway. It has been demonstrated that the antiviral activity of IFN-␥ against a number of viruses, including human CMV (10), herpes simplex virus type I (1), and measles virus (57) , correlates with the induction of INDO.
Other studies have demonstrated that IFN-␥ has antiviral activity against another member of the picornavirus family, i.e., coxsackievirus (36, 37, 39) , and that there is a correlation with the IFN-␥-induced protection and induction of iNOS (37) . Our results indicate that iNOS mRNA is only minimally induced in treated cells compared to the induction of INDO and IP-10 mRNAs and not induced in swine treated with type I or II IFNs.
Clearly, type I and II IFNs induce many genes that either have direct antiviral activity or indirectly induce the activation of a variety of antiviral pathways. The information obtained in this study suggests that genes having both types of activity are upregulated by the combination IFN treatment and may cooperatively control FMDV infection. In subsequent experiments, we will attempt to identify the various leukocyte populations attracted to tissues at the sites of virus infection in animals treated with the Ad5-IFN vectors as well as examine gene expression in these tissues and in PBMCs. Utilizing a comprehensive understanding of the multiple host pathways that can be induced to rapidly control FMDV infection, we hope to develop more-effective disease control strategies, including the administration of antivirals in combination with our Ad5-FMD marker vaccine.
